ABSTRACT: Cellular mechanical properties play an integral role in bacterial survival and adaptation. Historically, the bacterial cell wall and, in particular, the layer of polymeric material called the peptidoglycan were the elements to which cell mechanics could be primarily attributed. Disrupting the biochemical machinery that assembles the peptidoglycan (e.g., using the β-lactam family of antibiotics) alters the structure of this material, leads to mechanical defects, and results in cell lysis. Decades after the discovery of peptidoglycan-synthesizing enzymes, the mechanisms that underlie their positioning and regulation are still not entirely understood. In addition, recent evidence suggests a diverse group of other biochemical elements influence bacterial cell mechanics, may be regulated by new cellular mechanisms, and may be triggered in different environmental contexts to enable cell adaptation and survival. This review summarizes the contributions that different biomolecular components of the cell wall (e.g., lipopolysaccharides, wall and lipoteichoic acids, lipid bilayers, peptidoglycan, and proteins) make to Gram-negative and Gram-positive bacterial cell mechanics. We discuss the contribution of individual proteins and macromolecular complexes in cell mechanics and the tools that make it possible to quantitatively decipher the biochemical machinery that contributes to bacterial cell mechanics. Advances in this area may provide insight into new biology and influence the development of antibacterial chemotherapies.
B
acteria inhabit a wide range of different environments in which they experience fluctuating physical and chemical stresses. For example, osmotic pressure across the bacterial cell wall arises from a mismatch in the intracellular and extracellular concentration of solutes. Sudden changes in the extracellular concentration of solutes create an osmotic pressure in bacteria that may reach ∼20 atm. 1 To survive, bacteria have evolved cell walls to mechanically resist osmotic pressure and osmoregulatory machinery that senses pressure and transports solutes into and out of cells to reduce pressure. The current model of bacterial mechanics is one in which the polymeric meshwork surrounding cells, termed the peptidoglycan, provides significant mechanical properties. The peptidoglycan is a macromolecular cellular "exoskeleton" that stabilizes the cell wall and provides structural integrity to the cell. Additional structural elements have been uncovered recently, indicating that the peptidoglycan is one element of a larger set of macromolecular materials that influence cell mechanics. 2, 3 Several new tools enable studies of bacterial mechanics at the single-cell level 2, 4, 5 and provide a proteome/genome-wide view of mechanomicrobiology. 6 In contrast to those of microbes, eukaryotic cell mechanics are much better understood. Eukaryotic studies provided insight into the progression of human diseases 7−10 in which changes in cellular mechanics are important. 9, 10 For example, the infection of red blood cells by the parasite Plasmodium falciparum, which is primarily responsible for the mortality caused by malaria, 11 causes a 10-fold increase in the stiffness of infected red blood cells. Changes in red blood cell mechanics arise from increased membrane stiffness and alterations in the spectrin cytoskeletal protein network that reduce the flow of blood and eventually lead to a loss of microcirculation. 7, 12 Changes in cell mechanics are also linked to a wide range of human health conditions and diseases, including asthma, osteoporosis, cancer, glaucoma, and osteoarthritis. 10 Finally, mechanical stress applied to eukaryotic cells, through substrate elasticity, can alter cell physiology and control development; e.g., altering matrix elasticity steers the mesenchymal stem down different lineages. 13 The study of eukaryotic cell mechanics has provided insight into the importance of control over cell mechanics in normal cellular function and in different states of disease.
14 Likewise, the study of bacteria may uncover roles for cell mechanics linked to their cellular function and applications in the infection of eukaryotic hosts. In addition, the problem of widespread drug resistance of bacteria to antibiotics may benefit from studies in this area, in which a more detailed understanding of bacterial mechanics can uncover the physical effects of current antibiotics, uncover new therapeutic targets, and provide insight into the mechanisms of resistance of clinical antibiotics.
■ MECHANICAL CHARACTERISTICS OF BACTERIAL CELLS
The mechanical properties of cells are most frequently described by the Young's modulus and bending ri-gidity. 2−4,15−19 Below we provide a brief definition and overview of these terms.
Young's Modulus. The stiffness of a material can be defined by its Young's modulus (or tensile elasticity), which is characterized by the relationship between the applied stress on the material (force per unit area) and the resulting strain (fractional change in length). The Young's modulus is defined by the slope of the stress/strain curve in the linear region and is measured in units of pascals (newtons per square meter). If a physical load is applied to material in the linear region, the material will deform, and removing the load will return the material to its preload state. Stress applied to a material outside of the linear regime results in the permanent and irreversible deformation of a material.
Bending Rigidity or Flexural Rigidity. Bending rigidity (units of newtons per square meter) is the resistance of a material to bending under a load and represents the product of the Young's modulus and the second moment of inertia. In rodshaped bacteria, the second moment of inertia is equivalent to πr 3 h, where r is the radius of a bacterial cell and h is the thickness of the mechanically relevant material being studied. Previous studies of whole cell mechanics have focused on the peptidoglycan layer of the bacterial cell wall, which is found in Gram-positive and Gram-negative bacteria. Importantly, the bending rigidity can provide insight into the orientation of structural elements within cells, e.g., biomolecular elements that play a mechanical role, such as peptide bonds within the peptidoglycan, that are oriented perpendicular to the long axis of bacterial cells 3, 20 and may be difficult to interrogate using other measurements. 2 The bending rigidity can also be used to determine the Young's modulus through its inherent relation to bending rigidity.
■ COMPONENTS OF THE BACTERIAL CELL WALL CONTRIBUTE TO CELL MECHANICS
Bacteria can be broadly classified into Gram-negative ( Figure  1A ) and Gram-positive cells ( Figure 1B ) based on the presence of an outer membrane and the thickness of the peptidoglycan layer. Gram-negative bacteria contain both a cytoplasmic and outer membrane; in addition to phospholipids, the outer membrane contains lipopolysaccharides (LPS) ( Figure 1A ). Gram-positive bacteria do not have an outer membrane or LPS; however, they contain wall teichoic acids (WTA) and lipoteichoic acids (LTA) that are polysaccharides covalently attached to the peptidoglycan and inserted into the cytoplasmic membrane, respectively ( Figure 1B) . The peptidoglycan layer is thinner in Gram-negative cells and thicker in Gram-positive bacteria and is described in more detail in Peptidoglycan. We summarize the structure and mechanical function of these classes of materials below.
Not all bacteria fit neatly into the Gram-negative and Grampositive categories. Corynebacteria spp., Mycobacteria spp., and Nocardia spp. have a unique cell wall terminated with an outer membrane that is adjacent to a layer of mycolic acids, which makes them structurally, and possibly mechanically, unique. Corynebacteria spp. are considered to be Gram-positive bacteria; however, Mycobacteria spp. and Nocardia spp. are impermeable to many membrane dyes and only very weakly stain using the Gram-positive dyes. Not true Gram-positive bacteria, these organisms are classified as "acid-fast bacteria" because of their insensitivity to the acid treatment in the Gram-positive staining method. These organisms have unique cell walls, 21 ,22 yet very little is known about their cell mechanics compared to those of Gram-negative and Gram-positive bacteria.
Gram-Negative Lipopolysaccharides (LPS). LPS is expressed by most Gram-negative bacteria, plays an important role in the function and structural integrity of the outer lipid membrane, and is linked to the pathology of certain bacteria in humans. 23 LPS make up a family of large molecules (>100 kDa) containing a lipid moiety attached to a long-chain polysaccharide and are located in the outer leaflet of the outer membrane ( Figure 1A) . 24 LPS molecules consist of three distinct structural regions ( Figure 2 ): (1) lipid A, which is the physical anchor between the LPS and the outer lipid membrane; (2) the inner and outer polysaccharide core; and (3) a hydrophilic O-antigen. Lipid A contains six saturated fatty acyl chains (Figure 2 ), rather than the two to four fatty acyl chains characteristic of most prokaryotic membrane lipids, 25 and is found only in the LPS of Gram-negative bacteria. The tight packing of the hydrophobic acyl chains in lipid A plays a role in stabilizing the outer membrane. 26 The inner core of LPS is highly conserved among bacterial species 23 and typically consists of 3-deoxy-D-manno-octulosonic acid (Kdo) and heptose sugars (Figure 2 ). With the exception of Neisseria meningitides, 27 lipid A and at least one Kdo (from the inner LPS core) are required for cell viability in LPS-producing, Gramnegative bacteria. The other two sections of the molecule are not essential for cell viability and display a low degree of conservation among bacterial species (Figure 2) . 23 The Oantigen consists of polysaccharides with a range of lengths ( Figure 2 ) 23, 25 and is implicated in the potential virulence of pathogenic strains. 28 LPS truncations produce physical aberrations in the structure of cells and the morphology of bacterial colonies. Wild-type bacterial cells containing intact LPS have an outer cell morphology that is continuous and defect-free and are termed "smooth". Bacterial cells that have lost the O-antigen are classified as "rough" mutants; cells that have lost both the outer core and the O-antigen are classified as "deep-rough" mutants ( Figure 2) , and electron microscopy reveals that they have a rough, uneven membrane morphology. 29 LPS mutant cells are more permeable to small molecules than wild-type cells are 30 and more susceptible to environmental stress. 31 These changes in morphology indicate LPS may play a structural and mechanical role in cells; however, this hypothesis remains untested.
LPS are negatively charged molecules that electrostatically repel other LPS molecules, 25 leading to physical separation between the molecules and a subsequent increase in membrane permeability. To overcome electrostatic repulsion and increase stability, LPS typically bind tightly to divalent cations such as Ca 2+ or Mg
2+
. Atomic force microscopy (AFM) has been used to monitor the effect of divalent cations on LPS and membrane architecture; treating cells with EDTA removes divalent cations and causes a loss of ∼40−50% of the LPS from the outer membrane. 32 Removing divalent cations from an asymmetric membrane bilayer consisting of phosphatidylcholine in the inner leaflet and deep-rough mutant LPS in the outer leaflet caused the LPS to flip between the outer and inner leaflets. 33 Flipping LPS between the leaflets minimizes the repulsive electrostatic forces that arise between adjacent, charged LPS molecules 33 and may be responsible for the release of LPS from the outer membrane of intact cells into the extracellular environment. 32 The relationship between the stability of the LPS layer and its contribution to membrane permeability has been well established; however, there is a surprisingly small number of Bacterial membrane lipids form a stable lamellar phase bilayer in which the hydrophilic portion of the molecules is aligned at the water interface and the hydrophobic portion is sequestered away from water and reduces the free energy of the structure. Similar to membrane lipids, isolated LPS or lipid A forms stable lamellar phases consisting of bilayers and multilayers in aqueous solution. 34, 35 LPS-containing membranes are stabilized by the presence of divalent cations, which increase the level of order and rigidity of multilamellar LPS layers. 35, 36 Addition of Ca 2+ to a "deep-rough" LPS monolayer containing only lipid A and two Kdo sugars ( Figure 2 ) produces a cross-linked elastic gel. 37 Furthermore, increasing the polysaccharide length of the LPS enabled the formation of a similar gel in the absence of Ca 2+ , possibly because of an increased extent of hydrogen bonding, and resulted in additional lateral compression of the LPS monolayer. 37, 38 These in vitro studies support LPS stabilization by divalent cations and by the length of the polysaccharide chain. Additional in vivo studies may illuminate the magnitude of the mechanical contribution between divalent cations and LPS, the mechanical response of the LPS to changing environmental conditions, 39 and the role of LPS in outer membrane homeostasis. 29, 40 The techniques for studying the mechanical properties of bacterial cells highlighted in the section below may be helpful for exploring the contribution of LPS to cell mechanics.
Gram-Positive Wall Teichoic Acids (WTAs). WTAs are abundant, nonessential glycopolymers attached to the peptidoglycan layer in Gram-positive bacteria ( Figure 1B ), account for ∼50% of the weight of the cell wall, 41 and play a role in membrane integrity. 42 WTA consists of two primary structural features ( Figure 3A ): (1) a disaccharide linkage connecting WTAs to the peptidoglycan and (2) a primary polymeric chain that typically consists of alditol phosphate (glycerol phosphate or ribitol phosphate) repeats that are 20−40 units in length ( Figure 3C ). 43 The disaccharide linkage unit is highly conserved among bacterial species 44 and consists of Nacetylmannosamine-N-acetylglucosamine-1-phosphate covalently attached to the peptidoglycan through phosphodiester bonds to the N-acetylmuramyl saccharide ( Figure 3A) . 45 The polymeric backbone of the WTA main chain is negatively charged because of the presence of phosphate; however, WTA is generally zwitterionic because of the positively charged Dalanine esters that decorate the polyol phosphate backbone ( Figure 3A ,C). 46 By altering the groups attached to the WTA backbone, cells modulate their antibiotic susceptibility, increase virulence, and improve their survival. 43 In Clostridium dif f icile, the addition of D-alanine to teichoic (both wall teichoic and lipoteichoic) acids is directly related to exposure of the bacteria to the host innate immune factor, cationic antimicrobial peptides (CAMPs), and provides a mechanism for resisting this family of antimicrobial agents. 47 Additionally, the presence of WTAs is crucial for maintaining cell wall structure and cell shape. For example, deletion of WTAs in Bacillus subtilis changes cell morphology 42 and peptidoglycan thickness. 48 B. subtilis WTAs are also important for the correct function of proteins involved in cell elongation; 42, 49 in spherical Staphylococcus aureus cells, WTAs appear to be promiscuous and play roles in both cell elongation and cell division. 48 Although little is presently known about the mechanical contribution of WTAs in Gram-positive bacteria, the influence of this family of molecules on cell morphology and peptidoglycan thickness may affect the mechanical properties of the cell. In support of this hypothesis, the absence of WTAs in S. aureus cells is hypothesized to remove the electrostatic repulsion that occurs between neighboring WTA molecules and results in a cell with a more compact layer of peptidoglycan. 50 Gram-Positive Lipoteichoic Acids (LTAs). In addition to WTAs, Gram-positive bacteria contain a second family of glycopolymers termed lipoteichoic acids (LTAs), which extend from the cytoplasmic membrane to the extracellular space immediately surrounding cells ( Figure 1B ). LTA molecules consist of two distinct structural components ( Figure 3B ): (1) a glycolipid anchor that attaches LTA to the inner membrane of all Gram-positive bacteria and (2) the main polymeric chain consisting of glycerol phosphate ( Figure 3B,C) . 51 LTA is generally considered essential for cell viability and plays a role in the construction and placement of the peptidoglycan layer and in cellular integrity. 48 For example, LTAs in the rod-shaped bacterium B. subtilis are involved in cell division. 49 A suppressor mutation in GdpP, a cyclic di-AMP phosphodiesterase in S. aureus, enables the deletion of LTA and causes an increase in the extent of peptidoglycan cross-linking. 52 Although there are no direct measurements of cell mechanics in this mutant, this result may indicate that LTA plays a functional role in cell mechanics and can be compensated by increasing the stiffness of the peptidoglycan layer.
Similar to WTA, LTA is negatively charged and contains a main polymeric chain decorated with D-Ala esters that creates a zwitterionic layer ( Figure 3B,C) . Incorporation of D-Ala into LTA is regulated through the dlt operon (consisting of four genes, dltA, dltB, dltC, and dltD) and provides cells with several adaptive advantages, including improved adhesion to host cell surfaces and cell invasion and resistance to cationic antimicrobial peptides. 51 For example, LTA in S. aureus cells is modified with D-Ala esters. 53 A loss of D-Ala esters caused no visible change in the S. aureus cell shape; however, transmission electron microscopy demonstrates that these cells experience an increase in peptidoglycan thickness, a concave membrane topology, and an elevated frequency of cell lysis. D-Alanylation of S. aureus LTA is essential for cell viability in the absence of WTA. 48 In contrast, the loss of D-alanylation of LTA in Streptococcus agalactiae does not alter the cell morphology or peptidoglycan thickness; instead, the Young's modulus of the cell wall was reduced from 173.3 to 7.9 MPa, which represents a 21-fold change in mechanical properties and indicates that LTA is a significant mechanical element in Gram-positive bacteria. 54 The importance of D-alanylated LTA for these phenotypes and its regulation are not understood presently; however, it is clearly connected to cell wall architecture and cell mechanics, and future studies will aid in characterizing these roles.
Isolated LTA forms unstable monolayers in the absence of membrane phospholipids. 55 Mixing LTAs with dipalmitoyldiphosphatidylglycerol, a phospholipid found in the membranes of Gram-positive bacteria, increases the stability and rigidity of the monolayer membrane. 55 LTA is also stabilized in phospholipid vesicles containing diacylglycerol and phosphatidylglycerol. 56 These studies illustrate that the membrane acts as a scaffold to stabilize the LTA layer in Gram-positive bacteria and suggests a role for LTA and WTA in cell mechanics. 57 Peptidoglycan. The peptidoglycan is the cross-linked polymeric meshwork that encapsulates bacterial cells ( Figure  1A,B) , with the notable exceptions of Mycoplasma and Ureaplasma, 58 and has historically been considered to be the canonical material in bacteria that imparts cell mechanical properties. The peptidoglycan thickness varies in Gramnegative (2.5−6.5 nm thick when fully hydrated) and Grampositive bacteria (19−33 nm thick when fully hydrated) ( Figure  1A,B) . 59−63 Although varying in thickness, the peptidoglycan of Gram-negative and Gram-positive bacteria shares a similar structure consisting of polysaccharide chains cross-linked with peptides ( Figure 4A−C) .
The glycan backbone of peptidoglycan is highly conserved across bacteria and consists of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) monomers linked by a β-1,4 glycosidic bond. 59 A "stem peptide" is attached to the C-3 hydroxyl group of each MurNAc monomer. In Gram-negative bacteria, the most common stem peptide consists of the five-amino acid sequence L-Ala-D-Glu-mesodiaminopimelic acid (meso-DAP)-D-Ala-D-Ala ( Figure 4A ). This primary five-unit peptide structure is shared by some Grampositive bacteria ( Figure 4B) ; meso-DAP at position 3 in the peptide can be replaced by L-Lys. 64 Cross-linking the stem peptides tethers the polysaccharide chains ( Figure 4) . In Gramnegative bacteria, adjacent peptides are cross-linked to produce an abundant 3−4 linkage between position 3 (meso-DAP) and position 4 (D-Ala) 65 or a less common 3−3 linkage ( Figure  4A) . 66, 67 In Gram-positive bacteria, adjacent peptides are crosslinked 68, 69 or may be tethered through an interpeptide bridge 69 to produce 2−4 or 3−4 linkages ( Figure 4A ). 59 The interpeptide bridge may be one to seven peptides in length and consist of various amino acids ( Figure 4B ). 59 Peptidoglycan contains >50 individual types 70 of peptidoglycan subunits [also termed muropeptides ( Figure 4D) ] that are characterized as monomeric ( Figure 4E ) (not containing crosslinks), dimeric ( Figure 4F ) (containing one cross-link), or trimeric ( Figure 4G ) (containing two cross-links) depending on the number of cross-links formed to a single peptide stem. 71 A high degree of cross-linking is indicative of a stiff peptidoglycan layer, and the relative abundance of peptide cross-links in peptidoglycan is an indicator of the stiffness of the material. 71, 72 Peptidoglycan is a porous material and lacks an ordered macromolecular structure; the pore size of Gramnegative peptidoglycan ranges from 4 to 25 nm in diameter. 50,73−75 Electron cryotomography studies of Gramnegative bacteria reveal that the stem peptides are aligned along the long axis of the cell and glycans are wrapped circumferentially around the cell, 60 which is hypothesized to impart directional (e.g., anisotropic) mechanical properties on cells. This organization enables the peptide bonds to swell and shrink with changes in turgor pressure, while the more rigid glycan chains remain relatively unchanged. 76 In contrast to structural features that have been revealed in Gram-negative bacteria, the thickness of the peptidoglycan layer in Gram-positive bacteria ( Figure 1B) , the orientation of the stem peptides, and the position of the glycan strands relative to the axis of the cell are generally unknown. Solid-state nuclear magnetic resonance (NMR) studies of isolated peptidoglycan layers are starting to provide insight into its structure and the orientation of its components. 77 There have been several proposed models of peptidoglycan orientation and growth in Gram-positive bacteria, 78−80 including a model similar to the structure in Gram-negative bacteria.
The Young's modulus of peptidoglycan has been measured in wild-type Gram-negative and Gram-positive bacteria. 17,18,81−83 A recent understanding of the roles of the different penicillinbinding proteins (PBPs) in peptidoglycan synthesis 84 and new analytical tools for rapidly determining peptidoglycan structure (e.g., cross-linking and glycan length), such as UPLC-MS, 85 has enabled studies to quantitatively investigate how changing peptidoglycan structure affects its stiffness. A recent screen of all nonessential genes in Escherichia coli confirmed that cell wall and membrane biogenesis genes represent the largest functional family of genes that are connected to cell mechanics. 6 The study demonstrated that removing the major PBP, PBP1b, decreased E. coli cell stiffness by ∼50% (to 12 MPa), which may be approaching a lower limit required to maintain cell viability in E. coli. Combining the use of antibiotics to reduce PG biosynthesis, methods for measuring cell mechanics (as described in a later section), and imaging to determine when cells have lysed may enable the determination of a lower limit of PG mechanics required to maintain viability. Determining an upper and lower limit for bacterial cell stiffness can help frame these and other values measured and provide a sense of scale for understanding their relevance. A lower-limit measurement may entail measuring the stiffness of L-forms or bacteria that lack a peptidoglycan layer of the cell wall (e.g., Mycoplasma).
Increasing glycan strand length and cross-linking level enhances the mechanical properties of bacterial cells. 86−88 For example, four enzymes with essential glucosaminidase activity in S. aureus are responsible for hydrolysis of the bonds connecting GlcNAc and MurNAc. 88 Loss of the glucosaminidase activity of these enzymes increases glycan strand chain length, which has been hypothesized to increase the number of cross-links per strand and increase cell wall stiffness. 88 Altering the glycan chain length has been proposed as a mechanism for increasing the stiffness of peptidoglycan when the level of crosslinking is reduced. 89 S. aureus enzyme penicillin-binding protein 4 (PBP4) is a nonessential enzyme that provides further crosslinking of peptides in the peptidoglycan, and its deletion reduces the Young's modulus of cells by 2−4-fold. 87 The small magnitude of the stiffness changes upon PBP4 deletion is consistent with its role as a nonessential enzyme in PG crosslinking. The antibiotic lysostaphin decreases the level of peptide cross-linking in S. aureus and reduces the Young's modulus of the cell by ∼10-fold and may alter cell stiffness by decreasing the level of cross-linking or targeting multiple cross-linking enzymes. 86 Classes of biomolecules (e.g., membranes) in the cell envelope that interact with the peptidoglycan through proteins, such as the lipoprotein Lpp (see below), are also candidates for influencing cell stiffness.
Lipid Bilayers. Phospholipid membranes are essential liquid crystalline structures that encapsulate the cytoplasm in all bacteria. Gram-positive bacteria contain a single inner phospholipid bilayer, and Gram-negative bacteria have two lipid bilayers ( Figure 1A ). These membranes consist of three primary families of phospholipids: phosphatidylethanolamine (70−80% of total lipids), phosphatidylglycerol (20−25% of total lipids), and cardiolipin (5−10% of total lipids) ( Figure 5 ). Bacterial membranes can contain a mixture of phospholipids, proteins, lipopolysaccharides, and lipoteichoic acids, and two primary forces hold membranes together: (1) electrostatic interactions between charged polar lipid head groups and their association with divalent cations and (2) van der Waals forces between adjacent fatty acyl chains.
Similar to the case for the peptidoglycan, changes in membrane thickness can affect the bending rigidity of the lipid membrane. 90 Bending rigidity increases with the square of the bilayer thickness, and membranes have an approximate bending energy of ∼20 k B T. 91 ,92 E. coli membranes consist of three classes of phospholipids that contain acyl groups with the following ratio of total acyl chain length per lipid to total number of unsaturations present: phosphatidylglycerol (32:1), phosphatidylethanolamine (32:1), cardiolipin (66:2); phosphatidylglycerol and phosphatidylethanolamine contain two acyl groups, and cardiolipin contains four acyl groups. Figure 5 highlights these most abundant E. coli lipids and the single unsaturated acyl chain. 93 The introduction of unsaturated lipids alters the geometry of acyl chains, making them shorter and wider, reduces their packing order in the membrane, and alters lipid bilayer rigidity. 94 For example, the presence of two or more cis double bonds in a fatty acyl chain alters packing and results in a membrane with a 2-fold decrease in rupture tension and an ∼2−5-fold increase in water permeability. 95 Not surprisingly, the composition of lipid mixtures can alter the mechanical properties of membranes. Vesicles consisting of an E. coli lipid extract are ∼50% less stiff than those containing only phosphatidylglycerol (in this case, in which each chain is unsaturated). 96 Combining techniques for measuring cell mechanics with the large number of available mutants in which lipid composition has been altered will make it possible to quantitatively frame the magnitude of membrane contributions on cell mechanics.
■ BACTERIAL PROTEINS THAT HYPOTHETICALLY CONTRIBUTE TO CELL STIFFNESS
The penicillin-binding proteins (PBPs) make up a class of proteins that affect the mechanical properties of the cell by directly altering the cross-linking and glycan strand length of the peptidoglycan and were described previously in Peptidoglycan. Additionally, other membrane proteins, including OmpA 97 and the Tol−Pal complex, 97 interact with multiple layers of the cell wall and may influence cell mechanics. 98, 99 Proteins in this category modulate the physical properties of cells through interactions with components of the cell wall. Of the ∼4300 genes present in E. coli, only a few genes encode proteins that are known to alter the mechanical properties of bacterial cells without affecting characteristics of the peptidoglycan layer (beyond the PBPs), which we summarize below.
MreB. In many rod-shaped Gram-negative and Grampositive bacteria, insertion of new peptidoglycan is coordinated by the bacterial actin cytoskeleton homologue, MreB. 100 MreB monomers polymerize into filaments that rotate circumferentially around the long axis of cells.
101−104 E. coli MreB is positioned in contact with the cytoplasmic membrane through an N-terminal amphipathic helix 105 and has been hypothesized to localize a protein complex containing proteins that perform peptidoglycan synthesis and degradation to regions of the cell wall with negative curvature. 106, 107 The directed motion of MreB in these regions of the cell is correlated with peptidoglycan assembly and enables cells to maintain a rod shape, 107 as inhibiting MreB function causes cells to gradually change shape from a rod to a sphere. 108 Despite the attention that MreB has received and the large number of studies to date, a clear picture of its role in cell physiology has yet to emerge. Although the direct connection of MreB to the assembly of the load-bearing material, peptidoglycan, remains controversial, MreB is a candidate for studies to test whether alterations in its structure and function change cell mechanics.
Several measurements have been performed to determine the contribution of MreB to bacterial cell mechanics. Depolymerization of MreB in E. coli cells followed by applying a bending stress demonstrated that these cells had an ∼30% decrease in bending rigidity compared to that of wild-type cells. 3 Using a compressive force to measure the longitudinal stiffness of cells, no change in stiffness was observed after depolymerizing MreB using the small molecule antagonist of polymerization, A22; 2 these results were attributed to the time scale of MreB inhibition and its residence time on the cell membrane. Specifically, to affect the longitudinal stiffness of cells, MreB would need to remain attached to the cell membrane for a time scale that is incompatible with the rapid turnover of MreB filaments, their detachment from the cell wall, their diffusion, and their reattachment to the cell wall to coordinate peptidoglycan growth. 109 Lpp. Lpp (also termed Braun's lipoprotein) is the most abundant lipoprotein in E. coli and is located in the inner leaflet of the outer membrane ( Figure 1A) . 110 Lpp is also present in other Gram-negative bacteria; however, it is typically found only in bacteria that are enteric and endosymbionts in which it enables them to adapt to high-osmolarity environments. 98 The Lpp is covalently attached to the peptidoglycan layer, and it physically tethers the outer membrane and the peptidoglycan together; ∼30% of the 5 × 10 5 copies of Lpp in each cell are covalently attached to the meso−DAP residue in the peptide stem of the peptidoglycan. 110 Loss of Lpp from cells increases the level of formation of membrane vesicles and decreases membrane integrity. 111 In E. coli, loss of Lpp reduces the effective rigidity of cells by 42% and decreases the viscosity of the membrane bilayer, which may make cells more deformable in response to external forces. 112 Newly Discovered Proteins. With the aim of developing an understanding of how bacteria control their mechanical properties, we recently developed a high-throughput measurement technology discussed in the next section below to identify nonessential genes in E. coli that modulate bacterial stiffness. We identified 41 candidate genes (of ∼4000 studied) that decreased bacterial stiffness when they were deleted and five genes that increased bacterial stiffness upon their deletion. We found that bacterial cell stiffness is modulated by a diverse set of functional gene categories: the largest category of genes represented cell wall and membrane biogenesis (e.g., mrcB, lpoB, and pal), followed by energy production and conversion (e.g., iscA, iscU, and gor), DNA replication/recombination and repair (e.g., holC, dnaT, and recA), and amino acid transport and metabolism (e.g., glnA, trpB, and gmhB). 6 We determined that the deletion of the proteins encoded by these genes altered cell stiffness without changing the chemical composition of peptidoglycan (using liquid chromatography to analyze its composition). These results led us to conclude that these proteins encode mechanical elements or are connected to control over the peptidoglycan or other mechanically relevant material in the cell wall. The identification of these diverse proteins indicates that cell stiffness is dependent on the function and coordination of numerous intracellular pathways and suggests a rich area for biochemical, biophysical, and cell biological studies.
■ MEASURING THE MECHANICAL PROPERTIES OF BACTERIAL CELLS
The small physical dimensions of bacteria (having a length scale that is typically several micrometers) presents a challenge for quantitatively measuring their mechanical properties. Early studies of the mechanical properties of bacteria took advantage of tensile testing (a bulk material technique) to measure the properties of aggregates of bacterial cells encapsulated in secreted polymers and yielded "composite" Young's modulus measurements of 10 MPa. 18 Several other techniques have been developed to measure the mechanical properties of bacterial cells, including microfluidic-based assays, optical trapping, growth measurements in encapsulated polymers, and AFM, which yield Young's modulus values of 0.05−769 MPa for different bacteria 2 and are described below. Measurements of mechanical properties are sensitive to experimental conditions, and significant differences appear in values measured by different techniques. 2 Consequently, it is best to compare values between different bacteria, mutants, and conditions measured by a single technique and important to compare samples that have been prepared similarly; 2 for example, dehydrating a sample can lead to a drastic increase in cell stiffness, 19 treatment with a chelating agent decreases cell stiffness, 16 and the ionic strength of the media used in experiments can drastically alter the measured stiffness. 113 Measurements of Osmotic Sensitivity. Osmotic pressure is the force applied per unit area on a semipermeable membrane to prevent the movement of water across it because of a mismatch in the concentration of solutes on either side of the membrane. Changes in the osmotic environment cause rapid changes in the osmotic pressure of bacteria and can lead to cell lysis through the movement of water into the cell or dehydration of the cytoplasm through the movement of water out of the cell. 114 Osmotic pressure is countered by the mechanical properties of the cell wall and other associated structures, and it can be probed experimentally by microscopy or growth-based assays, making it a potentially convenient way to measure the connection between biochemical changes and mechanical alterations in cells.
Two types of methodologies, bulk measurements and singlecell measurements, have been used to determine the sensitivity of bacteria to changes in osmotic pressure. Bulk measurements of osmotic sensitivity entail diluting cells into a hypoosmotic medium in which cells swell or diluting in a hyperosmotic medium in which cells shrink or undergo plasmolysis. 115 The surviving fraction of cells after osmotic shock is determined by plating the cells on nutrient agar, incubating to grow surviving cells, and counting the resulting colony-forming units (or surviving cells). 116 This is one of the most accessible measurements available; however, it does not produce quantitative values of direct cell properties. Instead, it yields indirect information about the mechanical status of cells. More recent methodologies make it possible to directly monitor the response of single bacterial cells to osmotic shock using microfluidic-based systems in conjunction with microscopy to apply an osmotic shock and monitor single-cell response and survival. 117−119 These studies indicate that the rate of applying an osmotic shock is an important variable in cell survival; a slower change in the local osmotic environment is correlated with a higher number of surviving cells. 117 By monitoring the response of single cells to osmotic shock, we can quantify the change in cell length and width, 119 which provides an indirect measurement of the extendibility of the peptides and polysaccharides within the peptidoglycan, respectively. 120 When it is desirable to quickly determine whether the mechanical properties of a cell may have changed, osmotic shift experiments are an ideal first step.
Atomic Force Microscopy. AFM is a technique that has been used to measure the mechanical properties and surface topography of bacteria at nanometer resolution ( Figure 6A ). 121 The Young's modulus of a bacterial cell or a sample of an isolated, intact cell wall can be determined from force−distance curves by measuring the deflection of a cantilever containing an applied load 122 and fitting the data with a Hertz model that assumes a bacterial cell is an isotropic and linear elastic solid. 17 However, not all samples exhibit these idealized properties, and several different models may be required to extract salient mechanical data. 17 Peak force tapping AFM is an imaging mode that is often used to quantify mechanical properties across an entire cell surface, as it accounts for heterogeneity in the properties of bacterial cells. 73, 123 AFM has provided important insight into the mechanical properties of cells, many of which have been highlighted in previous sections of this review, including measurements of the Young's modulus for whole cells 17, 81, 86, 87 and isolated peptidoglycan. 19 AFM is a powerful technique with several caveats that should be considered when making stiffness measurements of bacteria or isolated peptidoglycan sacculi. Samples should be kept fully hydrated throughout the experiment, as imaging in air has been shown to increase measured values. 19 The response of the AFM probe is sensitive to its orientation with respect to the sample surface, i.e., perpendicular or at an arbitrary angle, and measurements of cells should be kept to the center of bacterial cells to obtain the most accurate measurements. 124 If the mechanical force applied to the bacterial cell by the AFM probe is excessive, the tip can pierce the cell wall and cause a sudden drop in the measured stiffness. 125 AFM is a powerful technique, yet nuanced and best performed by experts.
Microfluidic-Based Assays. Microfluidic structures have physical dimensions that can match individual or small groups of cells and provide unique capabilities for measuring cell mechanics, including Young's modulus, bending rigidity, and osmotic pressure. A microfluidic system for measuring cell bending rigidity was reported in which bacteria are filamented inside of channels positioned so that the majority of the volume of the cell is oriented within a main flow channel ( Figure 6B ). 4 The flow of fluid through the central channel applies a force to cells and, when the magnitude is sufficient, causes cells to bend; measuring cell deflection and fitting to a mechanical model enable the determination of bending rigidity. This approach was used to measure the bending rigidity of Gram-negative ( 4 There are several challenges with this technique. For example, measurements are very sensitive to the relative diameter of the cell and the neck of the channel in which the cell is positioned; a mismatch in these dimensions produces large deviations in the pressure measured for deforming cells under a fluid flow. Another challenge is that all of the experimental steps, including cell growth, need to be performed in the device. Measurements with this device require cells that are ∼50 μm long, which is approximately 1 order of magnitude longer than most bacteria and limits the technique to rodshaped bacteria. To accommodate the length requirement, cells can be elongated (i.e., "filamented") using an antibiotic that inhibits cell division (e.g., cephalexin or aztreonam) or engineered to overexpress the cell division inhibitor, SulA. The effect of cephalexin or aztreonam on cell mechanics, potentially at the site of blocked division, is not known. However, it has been shown that overexpression of SulA has the potential to mask changes in cell stiffness. 6 This technique provides quantitative data about bending rigidity; however, it requires fabrication of channels (the channel systems are not commercially available) and is limited to providing values of bending mechanics, making it less approachable than the techniques presented that do not require special materials or instruments (e.g., osmotic shifts).
Another approach to measuring cell mechanical properties is based on transverse compression. Measuring the rate of change in the radius of curvature of E. coli cells under compression was used to extract a Young's modulus value for cells. 126 Briefly, cells are placed within a microfluidic device consisting of a glass coverslip patterned with 0.8−0.9 μm tall micropillars that are positioned below a PDMS layer with a height that can be controlled by air pressure. Applying a pressure compresses the polymer ceiling and applies a force on cells, while the micropillars provide a "stop" to ensure that the deformation of cells (diameter, ∼1 μm) does not extend beyond 10−20% of their initial dimensions ( Figure 6C ). This approach produced Young's modulus measurements of 22 MPa and a turgor pressure of 140 kPa (∼1.4 atm) for E. coli cells. Under compression, mechanical stress was concentrated at the periphery of cells and caused membrane blebbing.
Extrusion loading microfluidic techniques are based on previously developed micropipette-based methods, which have been used to study the mechanical properties of neutrophils. 127 An extrusion loading microfluidic system has been reported in which the channel width at the entrance is 1.4 μm and tapers to a width of 250 nm at the exit; 20 12 tapered, parallel channels apply a load on bacterial cells ranging from 0.0037 to 0.045 MPa. Cells are loaded in microfluidic channels with very stiff walls, and fluid flow pushes them deeper into the channel; their deformability controls the distance they travel within the channel before stopping ( Figure 6D ). Extrusion loading has not been used to quantitatively measure specific numerical values for the Young's modulus, bending rigidity, or turgor pressure of bacterial cells. However, this technique makes it possible to monitor qualitative changes in bacterial stiffness based on the distance a cell is forced into the tapered channel by the applied load. This microfluidic system qualitatively demonstrated that Gram-negative cells (e.g., E. coli) were less stiff than Grampositive cells (e.g., B. subtilis), 20 an observation that has been demonstrated previously. 2, 4 Loading samples and operation of these microfluidic devices are challenging; the authors indicate that ∼30% of the devices produced unacceptable variation in either channel occupancy or pressure. An additional caveat of using this technique is the comparison of cells of different sizes, as it would require the use of a scaling factor to relate the cell size to the dimensions of the channels. Although some techniques 2, 4 can be used only to measure rod-shaped bacteria, this device makes it possible to compare cells with variable shapes. The low fabrication yield and requirements for microfabrication provide limitations on this technique.
Cell Growth Encapsulated in Polymers. A recently described method, known as cell length analysis of mechanical properties (CLAMP), demonstrates that measuring the rate of growth of individual cells in polymer environments can estimate values of the Young's modulus of Gram-negative (E. coli, ∼100 MPa; Pseudomonas aeruginosa, ∼150 MPa) and Gram-positive bacteria (B. subtilis, ∼150 MPa). 2 Microscopy was used to measure the growth of single cells embedded in agarose hydrogels of tunable mechanical stiffness, and a decrease in relative cell elongation over time was observed in agarose gels with an increased stiffness ( Figure 6E) . A finiteelement model of the growth of a thin, elastic shell was used to fit the experimental data and extract values of the composite Young's modulus. One underlying deficiency of this technique is the necessity to increase the number of gel percentages used to embed bacterial cells to decrease the error in fitting data. The current theory and modeling is also limited to rod-shaped bacteria.
A recent modification of this method, known as general regulators affecting bacterial stiffness (GRABS), enables the use of a plate reader to automate cell growth measurements in agarose gels and was used to assay a genome-wide collection of nonessential gene mutants (knockouts) in E. coli to identify 46 modulators of cell stiffness. 6 Briefly, we measured the optical density (OD) of mutant cells embedded both in 1% agarose and in liquid growth medium. By calculating the percent change in the OD of each mutant compared to that of wild-type cells, we generated a metric known as the GRABS score in which a negative score indicated a decrease in bacterial cell stiffness and a positive score indicated an increase in cell stiffness. Although the GRABS technique determines a qualitative score, we used a microfluidic system for measuring cell bending rigidity to confirm a correlation between the GRABS score and bacterial cell stiffness. This method provides a new capability for rapidly assessing the mechanical contributions of a large collection of mutants and assessing the mechanical genomics of the cell. 6 It also brings to light the complementary use of multiple techniques to first rapidly but qualitatively identify genes of interest and then to quantitatively probe these genes to determine their effect on the stiffness of bacterial cells.
The repertoire of tools that have emerged for measuring bacterial mechanics provides exciting new capabilities that will accelerate the development of this field. These techniques can be separated into qualitative and quantitative techniques: qualitative techniques (e.g., osmotic shifts and GRABS) provide two of the most experimentally approachable techniques for querying changes in cell mechanics and may be an excellent starting point for further experiments. Of these techniques, GRABS provides capabilities to assay large numbers of different strains and mutants in parallel. Methods for determining quantitative changes in mechanics require expensive instrumentation (e.g., AFM) or microfabricated materials, which are not commercially available. Of the microchannel techniques, the most compelling may be the method for measuring bending moduli as hundreds of cells can be assessed in parallel, 4 the systems can be reused, they are made in materials that are easy to prototype, and the theory has been developed for fitting data and extracting stiffness values.
■ CONCLUSIONS
The study of bacterial cell mechanics is an area of microbiological and biophysical research that is gaining inertia. The introduction of new tools for measuring bacterial cell mechanics, particularly methods that are accessible to scientists in areas outside of mechanics and physics, enables experiments that impact an understanding of the biology, biophysical, and genetics underlying this property of bacteria and its conservation across the bacterial kingdom. These methods for directly measuring cell mechanics can be combined with other techniques that provide insight into biochemical or structural changes in cells, including (1) ultraperformance liquid chromatography−mass spectrometry (UPLC-MS) to rapidly determine the structure of the peptidoglycan (e.g., cross-linking and glycan length), 85 (2) AFM to map the macroscale features of the peptidoglycan (e.g., pores, holes, defects, and glycan strand orientation), 73, 74 (3) electron cryotomography to visualize changes in the dimension of the cell envelope (e.g., peptidoglycan, periplasm, and lipid membrane thickness), 128 and (4) genetic screens to identify genes and proteins that are connected to changes in bacterial cell mechanics. 6 This area of research has an opportunity to illuminate both fundamental and applied science. For example, bacteria undergo changes in phenotype when occupying new niches. Uropathogenic E. coli cells change shape during urinary tract infections, and their new morphology is hypothesized to enable them to avoid predation and engulfment by macrophages. 129 Genetic drift can lead to changes in bacterial cell shape linked to known mechanical components of the cell, including the peptidoglycan 130 and MreB. 131 Some bacteria that have adapted to live within a host environment exhibit a loss of peptidoglycan or a decrease in the number of genes that encode proteins that construct this material. 132 It is plausible that some of these adaptive changes are accompanied by alterations in bacterial cell mechanics. Studying these processes may shed light on how bacteria adapt to their environment and provide insight into mechanisms for controlling their growth in specific niches that is relevant to antimicrobial chemotherapies. Identifying and characterizing proteins connected to changes in cell mechanics may also yield new targets for designing antibiotics that can be used to make cells more prone to osmotic pressure, environmental perturbations, or small molecule inhibitors that target other biochemical machinery.
A current challenge in this field is that there are not yet enough quantitative data with which to compare measurements and interpret their physical meaning. Additional studies will create a baseline for bacterial cell mechanics, enable an understanding of minimum and maximum values, and define mechanical values in terms of the structure and organization of cells. This field is at an early and exciting stage in its development and may uncover new biology related to bacterial adaptation and evasion by predators and insight into antimicrobial technologies.
